INTRODUCTION
Resin-modified glass ionomers (RMGIs) are categorized as adhesive restorative materials. [1] Two major mechanisms are involved in adhesion of RMGIs to dental hard structures. The first mechanism is an ionic interaction between carboxylic groups of polyacrylic acid (PAA) and the calcium present in the enamel and dentin. [1] The second mechanism is induced by monomers present in their composition. A hybrid-like layer is formed by penetration of resin monomers in conditioned dentin. [2] PAA was collagen fibrils by some endogenous proteolytic enzymes. [7] Matrix metalloproteinases (MMPs) and cysteine cathepsins are major proteases of this category. [8] Caries, acid-etching of dentin, and even mildly acidic components in adhesive resins transform the inactive form of MMPs to active proteases. [9, 10] 1-ethyl-3[3-dimethylaminopropy] carbodiimide hydrochloride (carbodiimide) and proanthocyanidin (PA) are both cross-linking agents and MMP inhibitors. [11, 12] Carbodiimide is a synthetic chemical compound and PA is available in several natural extracts such as grape seed extract. Both these agents increased the bond stability of adhesive resins to dentin without compromising immediate bond strength. [13] [14] [15] The effect of chlorhexidine and ethylenediaminetetraacetic acid (EDTA) as an MMP inhibitor on the resistance of RMGIC-dentin bond to degradation has been studied. [5, 6] Chlorhexidine failed to increase the long-term stability of the bond, [5] but EDTA could avoid a decrease in bond strength after 3 months of storage. [6] The aim of the present study was to test the following null hypotheses: (1) carbodiimide and PA do not affect the shear bond strength (SBS) of RMGI after 24 h and 6 months and (2) there is no difference between 24-h and 6-month SBS in the study groups.
MATERIALS AND METHODS
Seventy-two noncarious human molars were used in this in vitro study. The teeth were extracted for surgical or periodontal reasons and kept in 0.5% chloramine T solution at 4°C until used for the purpose of the study. [16] The study protocol was approved by the Ethics Committee of the university.
The teeth were mounted in self-curing acrylic resin (RE Acropars, Marlic Medical Industries Co., Tehran, Iran). The occlusal enamel of the teeth was grounded with 800-grit sandpaper mounted on a polishing machine (Planopol 3, Struers, Kobenhavn, Denmark) under water cooling. The exposed flat dentin surfaces were examined under ×40 to ensure complete removal of the occlusal enamel. Dentin surfaces of the specimens were conditioned with 10% PAA (Cavity Conditioner, GC Corporation, Tokyo, Japan, #1402261) for 20 s, rinsed, and dried to maintain a moist surface. The specimens were randomly divided into control, 1-ethyl-3-(3-dimethylaminopropy) carbodiimide hydrochloride (EDC), and PA groups (n = 24).
After conditioning, no treatment was used in the control group. In the EDC group, the specimens were treated with 0.3M water-soluble 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride (Sigma-Aldrich, St. Louis, MO, USA, #MKBP2831V) for 1 min and gently air-dried. [17] In the PA group, 6.5% grape seed extract solution was applied on the specimens for 1 min followed by a gentle air stream. [17] The solution was prepared using 6.5 gr of grape seed extract in the form of powder (Puritans Pride Inc., Oakdale, NY, USA, #768890-02), dissolved in 100 mL of distilled water. [18] Then, RMGI (Fuji II LC, GC Corporation, Tokyo, Japan, #1310171) was mixed according to the manufacturer's instructions and packed into cylindrical plastic molds (diameter = 2.4 mm, height = 2 mm), which were placed on the cut surface of the tooth and light-cured (Coltolux 75, Whaledent Inc., Coltene, USA) at an intensity of 600 mW/cm 2 for 30 s. Then, the specimens in each group were divided into two subgroups (n = 12). The sample size was determined based on similar bond strength studies regarding crosslinkers and RMGI. [3, 18, 19] Half of the specimens were stored in distilled water at 37°C for 24 h in an incubator, and then the SBS was measured. The other half were stored in distilled water at 37°C for 6 months in the incubator before SBS test.
The test was conducted with a universal testing machine (Zwick-Roell, Zwick, Ulm, Germany) at a cross-head speed of 0.5 mm/min. [20, 21] The debonded specimens were observed under a stereomicroscope (Carl Ziess Inc., Oberkochen, Germany) at × 40. Fracture modes of the specimens were classified as follows: A: adhesive, C: cohesive failure in RMGI, and M: mixed failure. [5] The effects of treatment and storage time factors and their interaction were statistically analyzed with two-way ANOVA. One-way ANOVA and Tukey's tests were used to compare the effect of different treatments on SBS at each time interval. Paired-sample t-test was used to compare SBS of each treatment group after 24 h and 6 months.
RESULTS
Means and standard deviations of SBS in the control and study groups after 24 h (T 0 ) and 6 months (T 6 ) of storage are reported in Table 1 . Treatment and time affected SBS. There was a statistically significant interaction between the two factors (P < 0.001). For each time interval, one-way ANOVA revealed that: (1) carbodiimide and PAs did not affect the immediate SBS of RMGI to dentin (P = 0.51); (2) SBS of the EDC group was lower than that of the control and PA groups at T 6 (P < 0.001). SBS of the PA group was not significantly different from that of the control at T 6 (P = 0.75) (Tukey's multiple comparisons) [ Table 1 ]. According to t-test, there was a significant increase in the bond strength of the control and PA groups after 6 months (P ≤ 0.002). In contrast, the EDC group exhibited a statistically insignificant reduction in bond strength (P = 0.06) [ Table 1 ]. The results of the failure modes in the six study groups are presented in Table 1 . There was no difference in fracture modes of the study groups at T 0 but after 6 months the groups showed different fracture patterns. Control and PA groups showed a high percentage of mixed failures, but the most prevalent failure mode in the EDC group was adhesive.
DISCUSSION
Carbodiimide and PA were used as collagen crosslinkers and MMP inhibitors to increase degradation resistance of bonding interface of the RMGIC and dentin in the present study. Although these agents had no effect on immediate SBS, carbodiimide hindered maturation and improvement of bond strength after 6 months compared to the control and PA groups. Therefore, the first null hypothesis was partly accepted. Triple helix spatial structure of the dentin collagen resists proteolytic degradation. [14] Binding of MMPs and cysteine cathepsins [8] results in the unwinding of dentin collagen helical structure. [14] Crosslinkers stiffen the collagen so that it cannot unwind. [14] Furthermore, they can cross-link proteinases and directly interfere with their function. [14] However, carbodiimide and PAs differ in their mechanism of interaction with proteins. This might account for their different effects on the 6-month bond strength of RMGI. PA has a high affinity for proline-rich proteins like collagen forming a proline-PA complex. [22] There is controversy on the interaction mechanism of PA with collagen. Four different mechanisms are proposed: covalent interaction, ionic interaction, hydrogen bonding, or hydrophobic interactions. [15] Carbodiimide has a unique capacity to activate carboxylic groups of glutamic and aspartic acids to form O-acylisourea. The reaction of this intermediate product with ɛ-amino groups of lysine and hydroxylysine results in the formation of an amide cross-link and urea. [23] Increased bond strength with time was observed in the control group. This was consistent with the results of previous studies. Improvement of the bond strength was attributed to maturation of RMGI. [3, 5] Acid-base reaction is a known setting mechanism for GICs. This response is retarded in RMGIs by the lack of water and presence of HEMA in their formula. [3, 24] The acid-base reaction begins when carboxylic groups of PAA attacks fluoroaluminosilicate glass particles. Continuous and slow diffusion of the ions from the tooth to the interdiffusion zone leads to the maturation and strengthening of the bond. [3] This might be responsible for increased SBS of the control group. This significant increase was also observed for PA group. Bond strengths of the PA group at T 0 and T 6 were higher than those in the control group, but the difference was insignificant. PA does not hinder the resin infiltration; therefore, the micromechanical retention of RMGI might not undergo any changes. The interaction target of PA is collagen which is a molecule rich in proline. [22] Hydrogen bonding occurs between the protein amide carbonyl group of collagen and the phenolic hydroxyl group of the crosslinker. [11] Thus, the active groups participating in the acid-base reaction of RMGI might not be interrupted.
According to the results of the present study, the bond strength of the EDC group was not different from that of the control group after 24 h, but significantly lower bond strength was recorded for the EDC group after 6 months. Therefore, the second null hypothesis was partly rejected. It seems that carbodiimide might interfere with the maturation process of RMGI. It is supposed that carbodiimide has no detrimental effect on the formation of micromechanical retention, [13, 14] but it may interfere with chemical adhesion of RMGIC, which has been demonstrated to be the main bonding mechanism of RMGIC to the dentin. [25] Carbodiimide could hinder the interaction of PAA with the calcium and phosphate ions of the dentin because of its potential to convert negatively charged carboxyl groups to positively charged amide groups. [14] As mentioned earlier, the chemical reaction in RMGIC is retarded, and the rate of the acid-base reaction is reduced. [26] Therefore, during the first 24 h, sufficient active carboxyl groups might be available to complete the slow rate of acid-base reaction in both the control and EDC groups. However, in the EDC group, inadequacy of active carboxyl groups during maturation phase of RMGI may impede improvement of the bond.
The results of SBS were consistent with the observed failure modes. As with SBS, failure modes were similar between groups after 24 h. With completion of the maturation in 6 months, bond strength in the control and PA groups increased and a trend of increased mixed failures could also be recorded. However, adhesive failure was dominant in the EDC group after 6 months because of the impediment of maturation.
The presence of the hybrid layer and resin tags has been documented at the RMGIC-tooth interface, and the possibility of degradation of this layer by endogenous MMPs has been suggested. [5, 6] It has been reported that the degradation of hybrid layer occurs in both collagen and resin. [13] The amount of the resin component in the composition of RMGIC is low [27] and PAA conditioner exposes less collagen than phosphoric acid. [28] Superimposition of chemical adhesion with micromechanical retention may be beneficial to the long-term stability of this hybrid layer. [5] The aging period was 6 months in the present study, and the control group exhibited higher bond strength after aging because of maturation of the bond. This result was consistent with previous studies. [3, 5] This preliminary study revealed the potential interference of each crosslinker with the maturation of RMGI bond; longer periods of aging might be needed to investigate the effect of MMPs on degradation of RMGI-dentin bond layer. 
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